Mitochondria fill several essential physiological roles in cells. Their best recognized function is to produce the bulk of the cell\'s ATP through oxidative metabolism ([@B41]). As described by the chemiosmotic theory, this is made possible by a series of mitochondrial enzymes in the respiratory chain that pump protons out of the mitochondrial matrix and establish a large electrical and proton gradient across the inner membrane. The high driving force for proton reentry drives a proton pump (the F~1~F~0~ ATPase, or ATP synthase) in the mitochondria in reverse, causing it to synthesize ATP as it allows protons to reenter the mitochondrion. In addition to this fundamental role as the cell\'s primary energy supplier, mitochondria have become increasingly well known in recent years as potent buffers of cytosolic Ca^2+^. The large negative potential across the inner membrane (up to −180 mV) drives Ca^2+^ into mitochondria through a uniporter located in the inner membrane, and export is achieved via multiple mechanisms, including an electroneutral Na^+^/Ca^2+^ exchanger ([@B10]; [@B8]; [@B21]; [@B56]; [@B9]; [@B22]).

Studies of excitable and nonexcitable cells have suggested several important consequences of Ca^2+^ uptake by mitochondria. First, increases in mitochondrial Ca^2+^ concentration (\[Ca^2+^\]~m~)^1^ are believed to modulate the production of ATP. Several of the dehydrogenases that supply substrates for the electron transport chain are stimulated by Ca^2+^ ([@B22]; [@B25]; [@B42]), and recent studies have verified that mitochondrial uptake of Ca^2+^ in vivo is accompanied by increased levels of NADH or NADPH ([@B49]; [@B24]) and activation of the matrix enzyme pyruvate dehydrogenase ([@B51]). This behavior is thought to couple the rate of ATP production to demand such that, during periods of high cytosolic Ca^2+^ concentration (\[Ca^2+^\]~i~), the increased rate of ATP hydrolysis by Ca^2+^ pumps is balanced by enhanced ATP generation.

In addition, uptake and release of Ca^2+^ by mitochondria has a powerful impact on Ca^2+^ signaling. Several characteristics are important in this regard. \[Ca^2+^\]~m~ is generally low (∼200 nM) in resting cells ([@B47], 1994; [@B52]; [@B3]), but significant uptake occurs at modestly elevated levels of \[Ca^2+^\]~i~ (\>∼0.5 μM) and does not saturate readily ([@B22]; [@B54]). In HeLa cells and hepatocytes, it has been shown that mitochondria have the capacity to sequester and export Ca^2+^ at physiological \[Ca^2+^\]~i~ probably by sensing microdomains of high \[Ca^2+^\]~i~ close to sources such as IP~3~ receptors in the ER or Ca^2+^ channels in the plasma membrane ([@B48]; [@B24]; [@B32]). Mitochondrial uptake may help to avert excessive increases in \[Ca^2+^\]~i~ that may damage the cell or trigger apoptosis ([@B2]). Their high rate of uptake enables mitochondria to play a dominant role among several mechanisms (including Na^+^/ Ca^2+^ exchange and Ca^2+^-ATPases) for clearing large loads of cytosolic Ca^2+^ ([@B38]; [@B1]; [@B61]; [@B26]; [@B43]). By slowly releasing stored Ca^2+^, mitochondria can prolong the period of \[Ca^2+^\]~i~ elevation in response to a transient episode of Ca^2+^ influx ([@B56]; [@B18]; [@B3]). These actions may have important effects on such Ca^2+^dependent processes as exocytosis and synaptic transmission. Thus, mitochondria act like a slow, nonsaturable, nonlinear buffer for intracellular Ca^2+^; they sequester Ca^2+^ during periods of rapid Ca^2+^ entry and release it slowly after Ca^2+^ entry has ceased.

While there is now considerable evidence for the passive Ca^2+^ buffering actions of mitochondria, few studies have addressed the possibility that they may actively influence the generation of Ca^2+^ signals. In *Xenopus* oocytes, mitochondrial inhibitors affect the generation and propagation of IP~3~-triggered Ca^2+^ waves, leading to the notion that intact mitochondria may reduce the local Ca^2+^ concentration near IP~3~ receptors and thereby influence their Ca^2+^dependent modulation ([@B31]). In cerebellar granule cells, the uptake of Ca^2+^ by mitochondria has been proposed to enhance Ca^2+^ influx by reducing the Ca^2+^-dependent inactivation of voltage-gated Ca^2+^ channels in the plasma membrane ([@B7]).

In this study we examine the ability of mitochondria to modulate Ca^2+^ influx through store-operated Ca^2+^ channels in T lymphocytes. In T cells and many other nonexcitable cells, depletion of the ER Ca^2+^ stores leads to the activation of voltage-independent, store-operated channels that conduct Ca^2+^ across the plasma membrane (for reviews see [@B45]; Putney and Bird, 1993; [@B17]; [@B6]; [@B34]). Store-operated channels are believed to constitute a family of related channels, of which the Ca^2+^ release-activated Ca^2+^ (CRAC) channel in T cells and mast cells is the most extensively characterized ([@B27]; [@B63]). After recognition of antigen by the T cell receptor and the resulting depletion of stores by IP~3~, CRAC channels in T cells open and act to elevate \[Ca^2+^\]~i~ for an extended period of minutes to hours. Prolonged Ca^2+^ influx through CRAC channels appears to be required to induce interleukin-2 gene expression and to commit T cells to become activated ([@B20]; [@B39]; [@B44]; [@B16]). Here we report the initial characterization of a high capacity mitochondrial Ca^2+^ store in human T cells. We find that mitochondria play a major role in sustaining high rates of Ca^2+^ influx through CRAC channels, and that this function depends on their ability to take up and export Ca^2+^. Thus, mitochondria act not only as passive Ca^2+^ buffers in T cells, but also contribute actively to the mechanisms that control store-operated Ca^2+^ entry. A preliminary account of this work has appeared in abstract form (Hoth, M., C.M. Fanger, A.B. Nelson, and R.S. Lewis. 1996. *Biophys. J.* 66:181*a*).

Materials and Methods
=====================

Cell Lines and Reagents
-----------------------

Parental Jurkat T cells and the mutant Jurkat cell line CJ-4 have been previously described and characterized ([@B16]). Cells were grown in complete medium consisting of RPMI 1640 (Mediatech, Herndon, VA) supplemented with 10% FCS (Gemini Bio-Products, Inc., Calabasas, CA), 2 mM glutamine (Mediatech), and penicillin-streptomycin (50 U/ml and 50 μg/ml; Mediatech). Cells were continuously maintained in log-phase growth at 37°C with 6% CO~2~. Human peripheral blood T cells were isolated as previously described ([@B11]). Reagents include thapsigargin (TG; LC Laboratories, Woburn, MA; 1 mM stock in DMSO); ionomycin-free acid (Calbiochem-Novabiochem Corp., La Jolla, CA; 4 mM stock in DMSO); carbonyl cyanide *m*-chlorophenylhydrazone (CCCP; Sigma Chemical Co., St. Louis, MO; 1 mM stock in ethanol); carbonyl cyanide *p*-trifluoromethoxyphenylhydrazone (FCCP; Sigma Chemical Co.; 10 mM stock in ethanol); antimycin A1 (Sigma Chemical Co.; 2 mM stock in ethanol); oligomycin (Sigma Chemical Co., 5 mg/ml stock in DMSO); and *N*-methyl-[d]{.smallcaps}-glucamine (NMDG; Sigma Chemical Co.).

Video Microscopic Measurements of Cytosolic \[Ca^2+^\] and pH
-------------------------------------------------------------

Cells were loaded at 20°--25°C for 30 min with 1 μM fura-2/AM (Molecular Probes, Eugene, OR) in complete medium, washed with fresh medium, and stored in the dark at room temperature until use. Loaded cells were allowed to adhere to poly-[l]{.smallcaps}-ornithine--coated glass coverslip chambers on the stage of an Axiovert 35 microscope equipped with a ×40 Achrostigmat objective (NA 1.3) (Carl Zeiss, Inc., Thornwood, NY). Imaging experiments were performed as previously described ([@B11]). Cells were alternately illuminated at 350 ± 5 nm and 380 ± 6 nm (bandpass interference filters; Omega Optical, Brattleboro, VT), and the fluorescence emissions at λ \> 480 nm (longpass interference filter; Chroma Technology Corp., Brattleboro, VT) were captured with an intensified CCD camera (Hamamatsu Corp., Bridgewater, NJ) and digitized and analyzed using a VideoProbe imaging system (ETM Systems, Irvine, CA). Ratio images were recorded at intervals of 0.5--5 s. \[Ca^2+^\]~i~ was estimated from the relation \[Ca^2+^\]~i~ = K\* (R − R~min~)/(R~max~ − R), where the values of K\*, R~min~, and R~max~ were determined from an in situ calibration of fura-2 in Jurkat T cells loaded by intracellular dialysis as described ([@B33]). Ringer\'s solution had the following composition (mM): 155 NaCl, 4.5 KCl, 2 CaCl~2~, 1 MgCl~2~, 10 [d]{.smallcaps}-glucose, and 5 Hepes (pH 7.4 with NaOH). Ca^2+^-free Ringer\'s solution was prepared by substituting MgCl~2~ for CaCl~2~ and adding 1 mM EGTA. All experiments were conducted at 22°--25°C.

For qualitative measurements of mitochondrial Ca^2+^, cells were loaded with rhod-2/AM (Molecular Probes) in Ringer\'s solution at a concentration of 4--8 μM (2 mM stock in DMSO) for 30--40 min at 20°--25°C. Cells were illuminated at 540 ± 12 nm (bandpass filter; Chroma Technology Corp.), and the fluorescence emission at 605 ± 28 nm (bandpass filter; Chroma Technology Corp.) was captured and analyzed as described above for fura-2. For these experiments, a ×63 Zeiss Neofluar objective (NA 1.25) was used. Movement of mitochondria posed a serious problem for time-lapse imaging. To minimize movement artifacts, we first flattened the cells by attaching them to poly-ornithine--coated coverslips followed by incubation for 30 min with 10 μg/ml phytohemagglutinin in Ringer\'s solution. In control experiments using fura-2--loaded cells, phytohemagglutinin did not appear to affect Ca^2+^ plateaus or responses to mitochondrial inhibitors, implying that it does not alter mitochondrial Ca^2+^ uptake. The microscope was focused on the mitochondria immediately before collecting each set of data (see Fig. [5](#F5){ref-type="fig"}, *B* and *C*). Rhod-2 fluorescence was not calibrated in terms of \[Ca^2+^\]~m~ but is expressed relative to the initial fluorescence intensity.

For pH~i~ measurements, cells were loaded with 2′,7′-bis(2-carboxylethyl)-5(6)-carboxyfluorescein (BCECF; Molecular Probes) at a concentration of 2 μM (2 mM stock in DMSO) for 45 min at 20°--25°C in complete medium. Cells were illuminated at 440 ± 5 nm and 495 ± 5 nm (bandpass filters; Omega Optical), and the emission at λ \> 515 nm (Schott glass filter; Omega Optical) was captured and analyzed as described above for fura-2. Calibration of BCECF ratios was performed using nigericin (a K^+^/H^+^ ionophore) and high \[K^+^\]~o~ as follows ([@B57]). Cells were perfused with a high \[K^+^\] Ringer\'s solution (close to the assumed intracellular \[K^+^\]) of the following composition (mM): 29.5 NaCl, 130 KCl, 2 CaCl~2~, 1 MgCl~2~, 10 d-glucose, and 5 Hepes. The pH of this solution was set to 6.05, 6.68, 7.25, or 7.63, respectively, with NaOH, and 10 μM nigericin (Molecular Probes; 10 mM stock in ethanol) was added. Under conditions of high internal and external \[K^+^\], nigericin equilibrates transmembrane pH. A plot of the fluorescence ratio (495/440) against pH~o~ resulted in a linear calibration curve. Cells were alkalinized by external application of 5 mM NH~4~Cl, which allows NH~3~ to quickly diffuse into the cells and bind intracellular protons ([@B50]).

Confocal Microscopy
-------------------

Jurkat cells were doubly labeled with rhod-2/AM as described above and with 100 nM MitoTracker^TM^ Green FM (Molecular Probes) for 30 min at 20°--25°C. Excess dye was removed by washing three times. Cells were imaged with a MultiProbe 2010 confocal laser scanning microscope (Molecular Dynamics, Sunnyvale, CA) using a Diaphot 200 inverted microscope and ×60 Plan Apo objective (NA 1.4) (Nikon Inc., Garden City, NY). Cells were illuminated by the 488 nm and 568 nm emission lines of a krypton/argon laser at 10% power, and fluorescence was collected simultaneously at 515--545 nm (bandpass filter; Chroma Technology Corp.) for MitoTracker^TM^ Green FM and at λ \> 590 nm (longpass interference filter; Chroma Technology Corp.) for rhod-2. A 100-μm pinhole was used.

Data Analysis
-------------

Data were analyzed using Igor Pro (WaveMetrics, Lake Oswego, OR). Ca^2+^ clearance rates were measured from several hundred TG-treated cells displaying different \[Ca^2+^\]~i~ magnitudes in the presence of Ca^2+^ ~o~ ± mitochondrial inhibitors. In each cell, the rate of ongoing Ca^2+^ clearance from the cytosol was measured from the rate of decline in \[Ca^2+^\]~i~ after rapid perfusion with 0-Ca^2+^ (EGTA) Ringer\'s. The recording chamber (vol ∼60 μl) had a 90% exchange time of ∼2 s when perfused with 3 ml of solution in 10 s. The rate of \[Ca^2+^\]~i~ decline (Δ\[Ca^2+^\]~i~/Δt) was measured from the steepest slope after addition of EGTA, which occurred within 3--6 s of the solution change.

To quantify loading of the TG-insensitive store (see Figs. [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}), cells were chosen for analysis if they satisfied two criteria: (*a*) \[Ca^2+^\]~i~ was approximately constant (Δ\[Ca^2+^\]~i~/Δt between −0.1 and 0.1 nM/s) over the final 800 s of the Ca^2+^ readdition period; and (*b*) \[Ca^2+^\]~i~ did not oscillate or undergo spontaneous transitions (e.g., see Fig. [9](#F9){ref-type="fig"}). 33--53% of the cells met these two criteria. The relative store content was estimated in these cells from the amount of Ca^2+^ released by 4 μM ionomycin in three different ways: (*a*) from the maximum rate of \[Ca^2+^\]~i~ rise, (*b*) from the peak \[Ca^2+^\]~i~ as fitted by a polynomial function, and (*c*) by the integral of \[Ca^2+^\]~i~ during the ionomycin release transient after correction for the ongoing clearance rate (Bergling, S., R. Dolmetsch, R.S. Lewis, and J. Keizer, manuscript in preparation). Upon addition of ionomycin, the rate at which \[Ca^2+^\]~i~ changes is proportional to the rate of Ca^2+^ release from the TG-insensitive store minus the rate of Ca^2+^ clearance across the plasma membrane. The clearance rate in Jurkat cells is an approximately linear function of \[Ca^2+^\]~i~ up to 1.5 μM (rate constant = 0.057 s^−1^); thus the clearance rate as a function of time can be estimated by scaling \[Ca^2+^\]~i~ by this rate constant. By adding the clearance rate at each time point to the corresponding time derivative of \[Ca^2+^\]~i~, we obtained the rate of release from the store. This curve was then integrated to give a measure of total mitochondrial Ca^2+^ released. This method is equivalent to a summation of the amount of Ca^2+^ irreversibly pumped across the plasma membrane, which reflects the total Ca^2+^ released from mitochondria under the given conditions.

Results
=======

A TG-insensitive Ca^2+^ Store in T Cells
----------------------------------------

In all experiments described below, Jurkat T cells or human T cells were treated with TG to activate capacitative Ca^2+^ entry, and the lipophilic ionophore ionomycin was applied to probe the content of TG-insensitive Ca^2+^ stores. Exposure to 1 μM TG in Ca^2+^-free Ringer\'s solution fully inhibits the sarco-endoplasmic reticulum Ca^2+^ATPases of the ER ([@B55]), causing a transient rise in \[Ca^2+^\]~i~ due to the unopposed leakage of Ca^2+^ from stores followed by extrusion across the plasma membrane. As shown in Fig. [1](#F1){ref-type="fig"} *A* (*dotted trace*), ionomycin releases very little stored intracellular Ca^2+^ when applied after TG, indicating that TG almost completely depletes the ionomycin-releasable Ca^2+^pool in resting Jurkat T cells. Readdition of Ca^2+^ after store depletion causes an initial rapid increase of \[Ca^2+^\]~i~ to a peak, which falls slowly thereafter to a plateau level. In cells that have been exposed to a low Ca^2+^ concentration (0.5 mM; Fig. [1](#F1){ref-type="fig"} *A*, *solid trace*), the average plateau level is \<500 nM, and subsequent removal of Ca^2+^ ~o~ evokes a rapid decline of \[Ca^2+^\]~i~ to the basal level as Ca^2+^ is cleared from the cytosol. Ionomycin-releasable stores remain nearly empty under these conditions, as shown by the small response to ionomycin.

In contrast, Ca^2+^ removal does not quickly reduce \[Ca^2+^\]~i~ to baseline in cells previously exposed to a higher level of Ca^2+^ ~o~ (Fig. [1](#F1){ref-type="fig"} *B*). Addition of 2 mM Ca^2+^ elicits a \[Ca^2+^\]~i~ plateau \>1 μM, and, upon removal of Ca^2+^ ~o~, \[Ca^2+^\]~i~ falls to a slowly declining plateau significantly higher than the resting level. In this case, subsequent application of ionomycin releases a large bolus of stored Ca^2+^ (Fig. [1](#F1){ref-type="fig"} *B*, *solid trace*), indicating that Ca^2+^ was taken up by a TG-insensitive store during the high Ca^2+^ plateau. The amount of Ca^2+^ released by ionomycin, and hence the store content, declines in parallel with the low plateau during exposure to Ca^2+^-free Ringer\'s solution (*dotted trace*). This result suggests that Ca^2+^ is exported from the TG- insensitive store, and the gradual depletion of this source of Ca^2+^ is responsible for the slowly declining plateau. This conclusion is further supported by the observation that the duration of the low Ca^2+^ plateau is correlated with the length of time the store was allowed to fill (i.e., the duration of the high Ca^2+^ plateau; Fig. [1](#F1){ref-type="fig"} *C*). Thus, after Ca^2+^ removal, the low Ca^2+^ plateau declines with an exponential time constant τ that varies with loading duration: τ = 232 s (for 100 s loading time; Fig. [1](#F1){ref-type="fig"} *C*, *dotted trace*), τ = 378 s (for 500 s loading time; Fig. [1](#F1){ref-type="fig"} *B*, *dotted trace*), and τ = 543 s (for 1,000 s loading time; Fig. [1](#F1){ref-type="fig"} *C*, *solid trace*). In contrast, the average initial value of the low plateau appears to be independent of the degree of loading (*dashed line* in Fig. [1](#F1){ref-type="fig"} *C*). These results clearly demonstrate that a TG- insensitive store can rapidly sequester Ca^2+^ that has entered the T cell via the capacitative Ca^2+^ entry mechanism, I~CRAC~.

The loading of the TG-insensitive store appears to depend on the cytosolic Ca^2+^ concentration since the ionomycin-releasable pool is larger in cells with higher Ca^2+^ plateaus (compare Fig. [1](#F1){ref-type="fig"}, *A* and *B*). We analyzed the content of the store as a function of the plateau \[Ca^2+^\]~i~ in single cells to determine quantitatively the \[Ca^2+^\]~i~ dependence of loading. After depleting stores in Ca^2+^-free Ringer\'s solution with TG, 2 mM Ca^2+^ was applied for 1,000 s. This long period was chosen to assure that loading occurred primarily at a single well-defined level of \[Ca^2+^\]~i~. The loading period was terminated by applying Ca^2+^-free Ringer\'s for 150 s, followed by 4 μM ionomycin to assess store content. To simplify analysis of the 250--300 single cells of each Ca^2+^ imaging experiment, we analyzed only those cells (33--53%) that displayed a relatively constant plateau \[Ca^2+^\]~i~ (see Materials and Methods). In the three cells meeting this criterion shown in Fig. [2](#F2){ref-type="fig"} *A*, the amount of ionomycin-releasable Ca^2+^ increased with the size of the Ca^2+^ plateau. Relative store content was estimated from the maximum rate of \[Ca^2+^\]~i~ rise, the peak \[Ca^2+^\]~i~, or the integral of released Ca^2+^ (after correction for the ongoing clearance rate; see Materials and Methods) in response to ionomycin + EGTA. All three measures of store content gave similar estimates (Fig. [2](#F2){ref-type="fig"} *B*). The content of the TG-insensitive store appears to increase in a biphasic fashion, beginning at \[Ca^2+^\]~i~ \> 400 nM and increasing without signs of saturation to \[Ca^2+^\]~i~ \> 1.8 μM. It should be noted that the quantitation of store content in these experiments is complicated by the fact that ionomycin evoked \[Ca^2+^\]~i~ elevations as large as 6 μM, far greater than the effective *K* ~d~ of fura-2 for Ca^2+^ (200--1,000 nM, depending on conditions; [@B59]). Thus, it is possible that the nonlinear shape of the loading curve is a consequence of a systematic error in fura-2 measurements at high \[Ca^2+^\]~i~. In this regard it is encouraging that the store measurements based on the maximum rate of \[Ca^2+^\]~i~ rise gave similar results, as they were made at \[Ca^2+^\]~i~ \< 1 μM. Some uptake also occurred at \[Ca^2+^\]~i~ \< 400 nM; a close examination revealed that in cells with plateau \[Ca^2+^\]~i~ between 100 and 500 nM, ionomycin evoked an average \[Ca^2+^\]~i~ peak of ∼200 nM, which did not increase with \[Ca^2+^\]~i~ but was significantly greater than the peak Ca^2+^ released by ionomycin before store loading (40--80 nM).

The TG-insensitive Store Senses Local Ca^2+^ near CRAC Channels
---------------------------------------------------------------

In several cell types it has been shown that Ca^2+^ uptake by organelles such as mitochondria is greatly enhanced by close proximity to sites of Ca^2+^ release or influx into the cytoplasm ([@B48]; [@B24]; [@B32]). This behavior is thought to result from microdomains of high \[Ca^2+^\]~i~ close to Ca^2+^ sources. If the sites of influx and uptake are closely apposed, uptake should be determined primarily by the local influx rate rather than by global \[Ca^2+^\]~i~ far from the influx site. Therefore, to determine whether the TG-insensitive store can sense local Ca^2+^ accumulation near CRAC channels, we asked whether store loading is sensitive to the driving force for Ca^2+^ entry under conditions where the global \[Ca^2+^\]~i~ is held constant. Store loading was assessed by measurements of the peak \[Ca^2+^\]~i~ or release rate in response to ionomycin (both gave identical results). In each set of experiments, Ca^2+^ flux through individual CRAC channels was increased by raising \[Ca^2+^\]~o~ from 2 to 20 mM, while one of several methods was used to equalize the global Ca^2+^ plateau under the two conditions. In the first set of experiments, 5--10 mM Ni^2+^ was added to the external medium containing 20 mM Ca^2+^. Under these conditions, the partial blockade of CRAC channels by Ni^2+^ compensates for the increased single-channel rate of influx, making the average magnitude of the global Ca^2+^ plateau comparable to that observed with 2 mM extracellular Ca^2+^ alone (Fig. [3](#F3){ref-type="fig"} *A*). However, the content of the ionomycin-releasable store was significantly higher in the cells exposed to 20 mM Ca^2+^. As illustrated by the singlecell analysis in Fig. [3](#F3){ref-type="fig"} *B*, loading of the TG-insensitive store was enhanced at all plateau \[Ca^2+^\]~i~ levels \>500 nM. Similar results were obtained in a second set of experiments that compared store loading in normal Jurkat cells with that in CJ-4, a mutant Jurkat cell line that exhibits ∼40% of the normal level of CRAC channel function ([@B16]). Although the average \[Ca^2+^\]~i~ plateau in CJ-4 cells with 20 mM Ca^2+^ ~o~ is slightly lower than that in control cells with 2 mM Ca^2+^ ~o~, ionomycin releases significantly more Ca^2+^ from the stores in CJ-4 (Fig. [3](#F3){ref-type="fig"} *C*). As was observed in the Ni^2+^ experiments, the content of the ionomycin-releasable store was increased in the presence of 20 mM extracellular Ca^2+^ over a wide range of \[Ca^2+^\]~i~ levels (Fig. [3](#F3){ref-type="fig"} *D*). As a third test, we compared store content in single normal cells exposed to 2 or 20 mM Ca^2+^ that happened to display the same plateau \[Ca^2+^\]~i~. For any given plateau level \>100 nM, the loading of the ionomycin- releasable pool was enhanced by previous exposure to 20 mM Ca^2+^ (Fig. [3](#F3){ref-type="fig"}, *E* and *F*). Together, these results demonstrate that the uptake of Ca^2+^ into the TG-insensitive store increases with the driving force for Ca^2+^ entry, irrespective of global \[Ca^2+^\]~i~. Hence, the store uptake mechanism appears able to sense local \[Ca^2+^\]~i~ gradients that exist in the proximity of open CRAC channels.

Calcium Uptake by the TG-insensitive Store Is Rapid
---------------------------------------------------

In order for the TG-insensitive store to contribute to Ca^2+^ signaling under a range of physiological conditions, it must be able to take up Ca^2+^ during transient as well as sustained periods of \[Ca^2+^\]~i~ elevation. We therefore determined the \[Ca^2+^\]~i~ dependence of store loading during short applications of Ca^2+^ (8--10 s). This short pulse of Ca^2+^ elicited a brief spike of \[Ca^2+^\]~i~ that declined as Ca^2+^ was pumped across the plasma membrane (Fig. [4](#F4){ref-type="fig"} *A*). After complete recovery, Ca^2+^ was applied again; immediately after the end of the pulse, ionomycin was applied to release any Ca^2+^ that had accumulated in the TG-insensitive store. By aligning the initial falling phases of the two Ca^2+^ spikes (Fig. [4](#F4){ref-type="fig"} *B*), it is possible to detect Ca^2+^ released by ionomycin as a result of store loading. As shown by the average response of 40 cells (Fig. [4](#F4){ref-type="fig"} *B*) and in two single cells (Fig. [4](#F4){ref-type="fig"} *C*), \[Ca^2+^\]~i~ elevation for 8--10 s causes significant loading of the TG-insensitive store. Results from 62 cells are summarized in Fig. [4](#F4){ref-type="fig"} *D* as a plot of the Ca^2+^ released by ionomycin against the peak \[Ca^2+^\]~i~ immediately before ionomycin (a rough measure of the Ca^2+^accessible to the store for loading). The amount of Ca^2+^ released by ionomycin after all Ca^2+^ spikes \>300 nM exceeded the amount released in resting cells (40--80 nM; *shaded line*), and loading increased nonlinearly above ∼1.5 μM cytosolic Ca^2+^. The ability of the TG-insensitive store to sequester Ca^2+^ in response to small, brief Ca^2+^ spikes suggests that it may participate in modulating transient as well as sustained Ca^2+^ signals.

Rhod-2 Reports Changes in Mitochondrial Free Calcium
----------------------------------------------------

The behavior of the TG-insensitive Ca^2+^ store suggests that it may consist of mitochondria. The store is relatively empty under resting conditions and takes up Ca^2+^ rapidly and without signs of saturation at \[Ca^2+^\]~i~ \> ∼400 nM, much like mitochondria as studied in other cells ([@B8]; [@B21]; [@B56]; [@B18]; [@B22]; [@B26]). We tested this idea using the Ca^2+^-sensitive fluorescent indicator rhod-2 ([@B37]), which has been shown in some cells to accumulate preferentially in mitochondria ([@B24]; [@B51]; [@B3]). After loading cells with rhod-2/AM, we observed diffusely labeled cytoplasm punctuated with brightly fluorescent structures of variable organization among different cells. Confocal microscopy was used to test whether the dye was specifically localized to mitochondria. In double-labeling experiments, rhod-2 and MitoTracker^TM^ Green FM, a mitochondria-specific dye, were colocalized in most intracellular structures (Fig. [5](#F5){ref-type="fig"} *A*). The only notable difference between the labeling patterns was the result of rhod-2 labeling of one or several round intranuclear structures, most likely representing the nucleolus. Nucleolar and mitochondrial stainings were easily distinguished by virtue of the much lower fluorescence of the nucleolus (Fig. [5](#F5){ref-type="fig"} *A*, *left*).

Initiation of capacitative Ca^2+^ entry caused the brightness of mitochondrial rhod-2 to increase by ∼43% within 3 min (Fig [5](#F5){ref-type="fig"}, *B* and *C*), while areas of diffuse rhod-2 fluorescence adjacent to the "hot spots" increased only ∼10% under the same conditions. Since the diffuse areas receive contributions from cytosolic dye and probably some diffusely localized mitochondria as well, their intensity places an upper limit on the contamination of the mitochondrial signal by cytosolic dye. The increase in mitochondrial rhod-2 fluorescence was prevented by preincubation with 1 μM CCCP (Fig. [5](#F5){ref-type="fig"}, *B* and *C*), a membrane-permeant protonophore that rapidly depolarizes mitochondria and effectively inhibits their ability to take up Ca^2+^ ([@B56]; [@B61]; [@B7]; [@B26]; [@B43]; [@B3]). These results directly support the conclusion that the TG-insensitive store represents mitochondria.

Effects of Mitochondrial Inhibitors
-----------------------------------

To test further whether the store represents mitochondria, we examined the ability of several inhibitors of mitochondrial Ca^2+^ transport to affect the content of the ionomycinreleasable pool. As described below, these inhibitors did interfere with store loading and therefore enabled us to test whether the store also plays an active role in modulating capacitative Ca^2+^ entry. In a first series of experiments, CCCP (1 μM) was applied shortly before the readdition of Ca^2+^ to TG-treated cells. CCCP had two prominent effects: it greatly attenuated the size of the Ca^2+^ plateau produced by Ca^2+^ readdition, and it effectively prevented loading of the TG-insensitive store, as indicated by the small amount of Ca^2+^ released by ionomycin (Fig. [6](#F6){ref-type="fig"} *A* and Table [I](#TI){ref-type="table"}). The inhibition of loading could result from the fact that CCCP reduced the \[Ca^2+^\]~i~ plateau to a level near the threshold for Ca^2+^ uptake (see Fig. [2](#F2){ref-type="fig"} *B*). However, the ionomycin response was similarly inhibited in the minority of cells that displayed a \[Ca^2+^\]~i~ plateau \>1 μM (Fig. [6](#F6){ref-type="fig"} *B*), demonstrating that CCCP directly blocks uptake by the store. Similar results were obtained with a related protonophore, FCCP (2 μM). Application of CCCP had little or no effect on \[Ca^2+^\]~i~ in resting Jurkat cells (data not shown). However, CCCP added during the high Ca^2+^ plateau evoked an immediate transient rise in the average \[Ca^2+^\]~i~ (Fig. [6](#F6){ref-type="fig"} *C*). The magnitude and the duration of the rise in \[Ca^2+^\]~i~ induced by CCCP increased with the duration of store loading, demonstrating that even at these supramicromolar levels of \[Ca^2+^\]~i~, uptake by the store continues for at least 15 min.

Qualitatively similar results were observed in cells treated with antimycin A1 (2 μM). Antimycin A1 inhibits electron transport through the respiratory chain at complex III, which by itself prevents oxidative reactions from creating a proton electrochemical gradient across the inner mitochondrial membrane ([@B38]; [@B41]; [@B1]). The Ca^2+^ plateau was diminished (Fig. [7](#F7){ref-type="fig"} *A*), and uptake by the TGinsensitive store was significantly reduced (Table [I](#TI){ref-type="table"}), although both effects were not as extreme as those seen in the presence of protonophores. Inhibition of electron transport by itself may not depolarize mitochondria completely; if a supply of ATP is available through glycolysis, mitochondria uncoupled by antimycin can maintain their membrane potential by running the ATP synthase "in reverse," i.e., by hydrolyzing ATP to pump protons out of the mitochondrial matrix ([@B38]; [@B7]). Oligomycin prevents this by inhibiting the ATP synthase and allows the mitochondria to depolarize ([@B38]; [@B7]). Simultaneous application of antimycin A1 and oligomycin inhibited the high Ca^2+^ plateau and completely blocked Ca^2+^ uptake by the TG-insensitive store (Fig. [7](#F7){ref-type="fig"} *B*). As seen after CCCP treatment, ionomycin applied after antimycin A1 + oligomycin failed to release a significant amount of Ca^2+^ even in the cells that happened to have a \[Ca^2+^\]~i~ plateau \>1 μM (Fig. [7](#F7){ref-type="fig"} *C*). Together with the effects of the protonophores, these results support the notion that the TG-insensitive store in T cells is mitochondrial. Furthermore, they suggest that Ca^2+^ uptake by mitochondria is required to maintain the high Ca^2+^ plateau.

Effects of Na^+^ Depletion
--------------------------

A large proportion of Ca^2+^ export from mitochondria is carried out by a Na^+^/Ca^2+^ exchanger in the mitochondrial inner membrane ([@B10]; [@B8]; [@B21]; [@B9]; [@B22]). As a further test of whether the TG-insensitive store is mitochondrial, we asked whether the depletion of intracellular Na^+^, a condition that inhibits Na^+^/ Ca^2+^ exchange in mitochondria ([@B10]; [@B21]; [@B56]; [@B22]), enhances the accumulation of Ca^2+^ in the TG-insensitive store. The removal of external Na^+^ to deplete Na^+^ ~i~ diminished the Ca^2+^ plateau evoked by Ca^2+^ readdition (Fig. [8](#F8){ref-type="fig"} *A*). Similar results were obtained when Na^+^ was removed 600 s (Fig. [8](#F8){ref-type="fig"} *A*) or 30 s before the readdition of Ca^2+^. Na^+^ depletion also enhanced store loading; this is most clearly evident from a comparison of ionomycin-induced release in cells bathed in 0 Na^+^ (Fig. [8](#F8){ref-type="fig"} *B*, *solid trace*) or in normal Na^+^ selected for a comparably low plateau \[Ca^2+^\]~i~ (*dotted trace*). Readdition of Na^+^ evoked the export of intracellular Ca^2+^ after a delay of ∼30 s (Fig. [8](#F8){ref-type="fig"} *C*), consistent with the reactivation of mitochondrial Na^+^/ Ca^2+^ exchange. Na^+^ readdition did not elicit a \[Ca^2+^\]~i~ rise in cells not previously exposed to Ca^2+^, i.e., cells in which the TG-insensitive store was empty (data not shown). These results support the idea that mitochondria constitute the TG-insensitive store, and they suggest that Ca^2+^ export from mitochondria is essential for maintenance of the high Ca^2+^ plateau.

Potential Side Effects of Mitochondrial Inhibitors
--------------------------------------------------

Several potential nonspecific effects of the inhibitors we applied should be considered, including decreased Ca^2+^ influx resulting from CRAC channel blockade or depolarization, as well as changes in intracellular pH. Antimycin A1 exhibited neither of these effects (data not shown). As measured with BCECF, Ca^2+^ readdition caused a slight acidification of the cytoplasm, from a value of 7.52 to 7.44. CCCP did not affect pH~i~ beyond this range. CCCP did suppress the rate of Ca^2+^ influx by ∼50%, but restoration of the normal rate of entry by elevating \[Ca^2+^\]~o~ to 8 mM did not restore the high Ca^2+^ plateau. Thus, while the reduction in influx by CCCP might contribute to the observed kinetics of the Ca^2+^ response, it cannot by itself account for the inhibition of the high Ca^2+^ plateau. Na^+^ depletion did not affect the Ca^2+^ influx rate but did increase the acidification observed after Ca^2+^ readdition to a value of 7.1. However, alkalinization of the cytoplasm to pH 7.44 with 5 mM NH~4~Cl (see Materials and Methods) did not restore the high Ca^2+^ plateau in the absence of Na^+^. This result is consistent with a report that intracellular acidification does not affect capacitative Ca^2+^ entry in thymocytes ([@B36]). It should also be noted that even if Na^+^/Ca^2+^ exchange is functional in the plasma membrane of Jurkat cells ([@B4]; but see [@B12]), inhibition of its activity by Na^+^ removal would be expected to impede Ca^2+^ efflux and thus elevate \[Ca^2+^\]~i~, opposite to the effect that was observed. Hence, side effects of the inhibitors are unlikely to account for the observed effects on the Ca^2+^ plateau. The only exception is oligomycin, which appears to inhibit the clearance of Ca^2+^ from the cytosol (compare the rates of clearance in 0 Ca^2+^ ~o~ in Fig. [7](#F7){ref-type="fig"}, *A* and *C*). An inhibition of Ca^2+^ extrusion may account for the unexpected finding that oligomycin slows down the decay of the high Ca^2+^ plateau in antimycin A1--treated cells despite the fact that it helps to prevent Ca^2+^ uptake by the mitochondria (Fig. [7](#F7){ref-type="fig"}, *A* and *B*).

Mitochondrial Modulation of Ca^2+^ Signaling Is Similar in Human T Lymphocytes
------------------------------------------------------------------------------

The experiments described thus far were carried out using Jurkat cells, a human leukemic T cell line. Unlike normal human T cells that are quiescent before contact with antigen, Jurkat cells proliferate continuously, and it is possible that they express a relative overabundance of mitochondria to cope with their increased metabolic needs. Thus, to extend our results to a more physiological context, it is important to verify that mitochondria exert comparable effects on Ca^2+^ signaling in normal human T cells isolated from peripheral blood. As summarized in Table [I](#TI){ref-type="table"}, a TGinsensitive store is loaded by the sustained high Ca^2+^ plateau in human T cells as it is in Jurkat cells. The loading of the store is decreased or eliminated by antimycin A1 or CCCP, respectively, and is enhanced by Na^+^ removal (Table [I](#TI){ref-type="table"}). Moreover, all three conditions preclude maintenance of the high Ca^2+^ plateau; therefore, mitochondria appear to function in normal quiescent T cells to modulate capacitative Ca^2+^ entry in a manner similar to that observed in Jurkat cells.

Abrupt Transitions of \[Ca^2+^\]~i~ in Single Cells
---------------------------------------------------

Examination of single-cell responses to Ca^2+^ readdition may shed light on the mechanism by which mitochondria help to maintain the high Ca^2+^ plateau. Under control conditions, most of the cells maintain a high intracellular Ca^2+^ concentration of \>1 μM for the entire 1,000 s of exposure to 2 mM Ca^2+^ (Fig. [9](#F9){ref-type="fig"} *A*). However, in a minority of cells, \[Ca^2+^\]~i~ declines rapidly to a much lower level around 400 nM, a phenomenon that we refer to as a "transition." In the experiment shown in Fig. [9](#F9){ref-type="fig"} *A*, 14% of the cells showed transitions, which occurred at widely varying times after Ca^2+^ readdition. An amplitude histogram of \[Ca^2+^\]~i~ compiled from 272 cells during the exposure to Ca^2+^ is depicted in Fig. [9](#F9){ref-type="fig"} *B.* The bimodal shape of the histogram indicates that the cells spend most of their time in one of two states (a high and a low amplitude plateau), with relatively little time spent at intermediate levels. The rate of capacitative Ca^2+^ entry can be estimated during the high and low Ca^2+^ states by the rate of \[Ca^2+^\]~i~ decline (Δ\[Ca^2+^\]~i~/Δt) immediately after removal of extracellular Ca^2+^. For the experiment in Fig. [9](#F9){ref-type="fig"} *A*, these values were 56 nM/s and 15 nM/s for the high and low Ca^2+^ states, respectively. Thus, the transition from high to low Ca^2+^ plateau reflects a sudden decrease in the rate of Ca^2+^ influx.

Interestingly, mitochondrial uncouplers (CCCP or antimycin A1) or Na^+^ depletion increase the likelihood and reduce the latency of these abrupt transitions. The variable latencies of the transitions among single cells play the dominant role in determining the smooth decline of the averaged population Ca^2+^ response (e.g., Figs. [6](#F6){ref-type="fig"} *A* and [7](#F7){ref-type="fig"} *A*). A number of single-cell responses in the presence of antimycin A1 are superimposed in Fig. [9](#F9){ref-type="fig"} *C.* While the amplitudes of the high and low Ca^2+^ plateaus (Fig. [9](#F9){ref-type="fig"} *D*) are similar to those seen in control cells, transitions to the low Ca^2+^ state are much more common, occurring in 63% of the cells (125/200). Similar results were observed with 1 μM CCCP and Na^+^ depletion (not shown). The implication of these results is that functional mitochondria maintain a high rate of capacitative Ca^2+^ influx by delaying or preventing abrupt decreases in the influx rate in individual cells.

Discussion
==========

In this study we report that a TG-insensitive store most likely representing mitochondria regulates store-operated Ca^2+^ signaling in T cells. The store appears to be nearly empty of Ca^2+^ in resting cells, but after depletion of TGsensitive stores, it senses the local Ca^2+^ elevation near activated CRAC channels and takes up incoming Ca^2+^ rapidly and without signs of saturation. The TG-insensitive store plays an active role in maintaining a high rate of Ca^2+^ entry, and hence a high Ca^2+^ plateau after the depletion of TG-sensitive stores. These results provide new evidence that mitochondria not only shape Ca^2+^ signals by acting as high capacity Ca^2+^ buffers, but that they can dynamically regulate the generation of Ca^2+^ signals as well.

Evidence for a Mitochondrial Ca^2+^ Store in T Cells
----------------------------------------------------

A mitochondrial Ca^2+^ store has not been previously described in T cells; therefore, several independent approaches were used to test the idea that the TG-insensitive store is mitochondrial. First, FCCP and CCCP were found to prevent store loading. These protonophores are known to inhibit Ca^2+^ uptake through the mitochondrial uniporter by collapsing the mitochondrial proton gradient and dissipating the membrane potential across the inner membrane that provides the driving force for Ca^2+^ import ([@B56]; [@B18]; [@B61]; [@B7]; [@B26]; [@B43]; [@B3]). In addition, CCCP added to cells during the Ca^2+^ plateau transiently elevates \[Ca^2+^\]~i~. A similar effect has been reported in neurons ([@B61]) and chromaffin cells ([@B26]), and it may be explained by the sudden inhibition of Ca^2+^ uptake by the mitochondria, which would be expected to increase transiently the net Ca^2+^ flux into the cytosol from both extracellular and intramitochondrial sources. It is important to note that in some cells protonophores such as FCCP are known to interfere with nonmitochondrial Ca^2+^ stores ([@B30]; [@B35]). For this reason, we also tested the ability of antimycin and oligomycin to prevent store loading. These agents act differently from the protonophores to depolarize mitochondria and to prevent Ca^2+^ uptake by inhibiting electron transport and the mitochondrial ATP synthase ([@B38]; [@B41]; [@B1]). Antimycin + oligomycin effectively prevented uptake of Ca^2+^ by the TG- insensitive store in T cells, consistent with the view that the TG-insensitive store is mitochondrial.

The effects of Na^+^ removal further support this conclusion. Export of Ca^2+^ from mitochondria occurs through Na^+^-dependent and well as Na^+^-independent mechanisms ([@B10]; [@B8]; [@B21]; [@B9]; [@B22]). While the contribution of each appears to vary according to cell type, a significant part of mitochondrial Ca^2+^ export in many cells is due to Na^+^/Ca^2+^ exchange across the inner membrane. Na^+^ depletion enhances net Ca^2+^ uptake by mitochondria in vivo and in vitro, while readdition of Na^+^ triggers its release ([@B10]; [@B56]). Likewise, we found that removal of extracellular Na^+^, which is expected to deplete intracellular Na^+^, enhanced the loading of the TG-insensitive store in T cells, and Na^+^ readdition evoked Ca^2+^ release. Thus, while none of the several treatments used is absolutely specific for mitochondria, the ability of protonophores, an unrelated electron transport inhibitor, and Na^+^ depletion to affect loading of the store argues strongly that it represents mitochondria.

Finally, experiments with rhod-2 offer independent evidence for a mitochondrial Ca^2+^ store. Rhod-2 has been used to detect changes in mitochondrial \[Ca^2+^\] in several cells, including hepatocytes ([@B24]), CHO cells ([@B51]), and chromaffin cells ([@B3]). The precise location of rhod-2 within mitochondria has not to our knowledge been demonstrated in any cell. However, several factors argue that the dye reports primarily \[Ca^2+^\] in the matrix rather than in the space between mitochondrial inner and outer membranes: (*a*) the intermembrane volume is small compared to the matrix volume; (*b*) porins and voltage-dependent anion-selective channels in the outer membrane would be expected to conduct rhod-2 out of the intermembrane space ([@B62]); and (*c*) the highly negative potential that exists across the inner but not the outer membrane ([@B5]) would be expected to promote accumulation of positively charged rhod-2 in the matrix. We found that rhod-2 labeled the mitochondria in Jurkat cells, as judged from its colocalization with a selective mitochondrial stain, MitoTracker™ Green FM. The compartmentalized rhod-2 increased its fluorescence in response to increases in \[Ca^2+^\]~i~, and this response was inhibited by CCCP. These studies provide the most direct evidence that mitochondria do in fact constitute the TG-insensitive store in T cells.

Interestingly, cyclic ADP ribose has recently been shown to release Ca^2+^ from a TG-insensitive store in permeabilized Jurkat T cells ([@B23]). It is not clear how this store is related to the mitochondrial store we describe. One possibility is that cyclic ADP ribose releases Ca^2+^ from mitochondria; alternatively, a separate cyclic ADP ribose-sensitive store may be responsible for the small amount of Ca^2+^ released by ionomycin in resting cells (Fig. [1](#F1){ref-type="fig"}) or in cells treated with mitochondrial inhibitors (Figs. [6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}).

Properties of the Mitochondrial Ca^2+^ Store
--------------------------------------------

Several characteristics of the TG-insensitive store are consistent with the known behavior of mitochondria in other cells and in vitro ([@B8]; [@B21]; [@B22]). These features include the modest threshold of ∼400 nM for Ca^2+^ uptake, and high capacity that shows no signs of saturation even at high \[Ca^2+^\]~i~ (\>1.8 μM) sustained over long periods (10--20 min). Occasionally, we observed signficant uptake at \[Ca^2+^\]~i~ of 100-- 400 nM, implying that the threshold for uptake may be quite close to resting \[Ca^2+^\]~i~ in some cells. Alternatively, some mitochondria in these "hypersensitive" cells may simply lie close to the plasma membrane or near a region of high CRAC channel density, where they are exposed to high local \[Ca^2+^\]~i~ (see below). Interestingly, the Ca^2+^ dependence of loading appears to be biphasic, consisting of a low rate of uptake at low \[Ca^2+^\]~i~ and a faster nonlinear rate at higher \[Ca^2+^\]~i~. The nonlinear increase in uptake with \[Ca^2+^\]~i~ is consistent with reports that the activity of the uniporter in vitro increases with the second power of \[Ca^2+^\] ([@B21]).

Calcium uptake by mitochondria in T cells is rapid, occurring within 8--10 s at physiological levels of \[Ca^2+^\]~i~ (Fig. [4](#F4){ref-type="fig"}). Comparably rapid uptake has been detected with rhod-2 or mitochondrially targeted aequorin in other cells after Ca^2+^ release from IP~3~-sensitive stores ([@B48], 1994; [@B24]). A recent report of hepatocyte mitochondria in vitro has resolved two modes of Ca^2+^ uptake: a rapid mode that is active at \[Ca^2+^\]~i~ as low as 171 nM and inactivates within 1 s, and a slower mode that is activated in a sustained fashion by \[Ca^2+^\]~i~ \> ∼400 nM ([@B54]). Unfortunately, it is difficult to assess the contributions of each mode to the Ca^2+^ loading we have observed, due to the relatively slow rise time of the \[Ca^2+^\]~i~ increase in our experiments.

The Mitochondrial Store Can Sense Local Ca^2+^ Gradients near CRAC Channels
---------------------------------------------------------------------------

We find that mitochondrial uptake at any given level of global cytosolic \[Ca^2+^\]~i~ is enhanced by increasing the driving force for Ca^2+^ entry. This result implies that the store responds not merely to the global \[Ca^2+^\]~i~ averaged over the entire cell, but to localized Ca^2+^ gradients that exist in the vicinity of open CRAC channels as well. Previous studies in hepatocytes and HeLa cells have shown that Ca^2+^ released from IP~3~-sensitive stores is taken up by mitochondria more efficiently than comparable amounts of Ca^2+^ entering through plasma membrane channels, suggesting that in those cells mitochondria can sense the Ca^2+^ microdomains near open IP~3~ receptors ([@B48]; [@B24]). This result does not apply to all cells, however; in endothelial cells, for example, mitochondrial Ca^2+^ is more efficiently raised by Ca^2+^ influx across the plasma membrane than by ER release ([@B32]). Interestingly, EM measurements indicate that more of the mitochondria in HeLa cells are close to the ER than to the plasma membrane, whereas the opposite is true for endothelial cells. In Jurkat and peripheral blood T cells, the nucleus occupies most of the cell volume, thus confining the mitochondria to a region close to the plasma membrane. Although a detailed ultrastructural analysis remains to be done, a substantial proportion of mitochondrial profiles can be seen within 100--500 nm of the plasma membrane in electron micrographs of T cells (Veerman and van Rooijen, 1975; [@B28]; [@B15]). Thus, it appears reasonable that mitochondria are able to sense local gradients in the proximity of CRAC channels.

How much of the Ca^2+^ that enters the T cell through CRAC channels is taken up by mitochondria? A rough estimate can be made as follows. During the high Ca^2+^ plateau, influx and efflux of Ca^2+^ from the cytosol are equal. Thus, influx through CRAC channels is balanced by net uptake into mitochondria plus extrusion across the plasma membrane. At a plateau level of 1 μM, the extrusion rate (measured in 0 Ca^2+^ + CCCP) is 50 nM s^−1^. The total mitochondrial content as estimated by the integral of ionomycin-released Ca^2+^ is ∼5 μM (Fig. [2](#F2){ref-type="fig"} *B*), which upon dividing by the loading time (1,000 s) implies an average rate of 5 nM s^−1^ for net uptake. Thus, during the high Ca^2+^ plateau, the rate of capacitative Ca^2+^ entry is equal to 50 nM s^−1^ (the extrusion rate) plus 5 nM s^−1^ (the net mitochondrial uptake rate), or 55 nM s^−1^. By this estimate, mitochondria may accumulate ∼10% (5/55) of the incoming Ca^2+^. Since mitochondria are also continously exporting Ca^2+^, the true uptake rate is likely to exceed 5 nM s^−1^, as explained by the following argument. After Ca^2+^ removal, the low Ca^2+^ plateau declines slowly, implying that Ca^2+^ extrusion across the plasma membrane is nearly balanced by the release of Ca^2+^ from mitochondria (the only significant source of Ca^2+^ in these TG-treated cells). The extrusion rate was measured to be ∼15 nM s^−1^ at cytosolic Ca^2+^ values corresponding to the low Ca^2+^ plateau (see Materials and Methods). Therefore, the implied unidirectional uptake rate is 20 nM s^−1^ (5 nM s^−1^ net uptake plus 15 nM s^−1^ export), suggesting that ∼36% (20/55) of the incoming Ca^2+^ enters the mitochondria.

Mitochondria Help Maintain a High Rate of Capacitative Calcium Entry
--------------------------------------------------------------------

Functional mitochondria appear to help maintain a high rate of capacitative Ca^2+^ entry after the continued depletion of IP~3~/TG-sensitive stores. This conclusion follows from the ability of several types of mitochondrial inhibitors to dramatically reduce the level of the Ca^2+^ plateau. The gradual decline in the population average \[Ca^2+^\]~i~ in the presence of mitochondrial inhibitors results primarily from abrupt stochastic transitions between states of high and low Ca^2+^ influx occurring asynchronously in each cell. While these transitions take place even in control cells, the inhibitors increase their frequency and decrease their latency. Thus, functional mitochondria appear to maintain the high Ca^2+^ plateau by preventing or delaying an abrupt decrease in the Ca^2+^ influx rate.

The reduction of capacitative Ca^2+^ entry during the transitions is extremely rapid. In single cells, the rate of \[Ca^2+^\]~i~ decline during a transition reaches a maximal value that can be as much as two-thirds of the Ca^2+^ clearance rate measured in the absence of Ca^2+^ ~o~, and this can be reached within 5 s of the onset of the transition. These results imply that capacitative Ca^2+^ entry is reduced by about two-thirds in \<5 s. The mechanism that governs these rapid flux-rate transitions is unknown. The rapid time course is reminiscent of the permeability transition of mitochondria, a catastrophic increase in permeability to small solutes and ions that can be triggered by excessive loading of mitochondria with Ca^2+^ ([@B21]; [@B22]). However, this process would release the entire mitochondrial Ca^2+^ content in an explosive fashion, and an increase in \[Ca^2+^\]~i~ was never observed immediately preceding the transitions. For this reason, we believe it is unlikely that the \[Ca^2+^\]~i~ transitions we have observed involve the permeability transition of mitochondria. Alternatively, the flux-rate transitions may result from Ca^2+^ accumulation and the Ca^2+^-dependent inactivation of CRAC channels (see below) or from membrane depolarization, which is known to profoundly inhibit Ca^2+^ entry through CRAC channels (for review see [@B34]). Tests of these possible mechanisms await further study.

In what capacity do the mitochondria act to maintain capacitative Ca^2+^ entry? Given the dominant role of mitochondria in producing most of the cell\'s ATP, one obvious possibility is that mitochondria are required to maintain a high \[ATP\]/\[ADP\] ratio in the cell. [@B19] reported inhibitory effects of mitochondrial poisons on the TG-induced \[Ca^2+^\]~i~ rise in Jurkat cells and several other cell lines, an effect they attributed to a decreased \[ATP\]/ \[ADP\] ratio or most likely to increased \[ADP\]. Later patch-clamp studies in rat basophilic leukemia cells demonstrated that increased \[ADP\] can inhibit I~CRAC~ ([@B29]). ATP depletion also inhibits capacitative Ca^2+^ entry in rat thymocytes at 37°C ([@B36]). However, even though changes in \[ATP\]/\[ADP\] could certainly contribute to the effects of mitochondrial inhibitors we have seen, a number of arguments suggest that they are not primarily responsible for these effects. First, ADP inhibits I~CRAC~ at 37°C but not at 25°C, and the effects of mitochondrial inhibitors on the Ca^2+^ response at 37°C are reduced in the presence of glucose ([@B29]). We conducted all experiments below 25°C and included 10 mM extracellular glucose to provide a substrate for glycolytic ATP production that has been shown to be sufficient to keep ATP levels high ([@B38]; [@B7]). Second, antimycin A1 (Fig. [6](#F6){ref-type="fig"}) and CCCP (data not shown) inhibited the high Ca^2+^ plateau even when oligomycin was included to prevent reverse-mode hydrolysis of ATP by the ATP synthase. Third, CCCP, antimycin, or Na^+^ depletion did not alter the rate of Ca^2+^ clearance after prolonged Ca^2+^ elevation (data not shown), suggesting that none of these treatments caused a gross depletion of intracellular ATP. Finally, the initial Ca^2+^ influx rate in CCCP-treated cells was constant (38 nM/s) in response to multiple readditions of Ca^2+^ separated by a 200-s recovery period in 0 Ca^2+^ ~o~. These results argue against a long-lasting depletion of intracellular ATP as the basis for the observed effects on the Ca^2+^ plateau.

Hypothesis for the Mitochondrial Regulation of Capacitative Calcium Entry
-------------------------------------------------------------------------

Inhibition of either mitochondrial Ca^2+^ uptake (by CCCP or antimycin A1) or export (by Na^+^ depletion) attenuates the high Ca^2+^ plateau, suggesting that both uptake and export of Ca^2+^ are necessary to maintain a high rate of capacitative Ca^2+^ entry. A model based on Ca^2+^-dependent inhibition of CRAC channels ([@B27]; [@B64],*b*) may provide a way to reconcile these results. As shown in Fig. [10](#F10){ref-type="fig"} *A*, in the absence of functional mitochondria (e.g., with CCCP or antimycin + oligomycin present), Ca^2+^ entering the cell through CRAC channels accumulates near the plasma membrane and inhibits Ca^2+^ entry, leading eventually to a steadystate level of I~CRAC~ and \[Ca^2+^\]~i~. Intracellular Ca^2+^ inhibits I~CRAC~ in several ways. Fast inactivation is thought to involve binding of Ca^2+^ to sites located within several nanometers of the intracellular mouth of the channels ([@B64]), while slow inactivation occurs via store refilling as well as by a store-independent process that persists in the presence of TG (Zweifach and Lewis, 1995*b*). Slow inactivation can be prevented by intracellular EGTA, implying that the Ca^2+^ binding sites underlying this process are located further than ∼100 nm from the channels ([@B64],*b*). Considering the evidence that mitochondria can sense \[Ca^2+^\]~i~ gradients near CRAC channels (Fig. [3](#F3){ref-type="fig"}), it seems reasonable that they may reduce \[Ca^2+^\]~i~ at locations that influence slow inactivation. Effects on fast inactivation are less likely given the extreme constraints that the inactivation site would place on mitochondrial location and uptake rates. Thus, when mitochondria are allowed to take up but not export Ca^2+^ (e.g., in Na^+^-depleted cells; Fig. [10](#F10){ref-type="fig"} *B*), they may act as a sink to reduce the local \[Ca^2+^\]~i~. The reduction of local \[Ca^2+^\]~i~ would lessen CRAC channel inactivation until a new steady state is reached, in which I~CRAC~ is somewhat greater than it was before and the local \[Ca^2+^\]~i~ is somewhat less than it was before. Thus, the paradoxical result would be that, without export, mitochondrial uptake would enhance I~CRAC~ but not necessarily global \[Ca^2+^\]~i~. Only if Ca^2+^ export from mitochondria is also permitted (e.g., in untreated cells; Fig. [10](#F10){ref-type="fig"} *C*) can the increased Ca^2+^ influx contribute effectively to the global \[Ca^2+^\]~i~. Thus, mitochondria may serve two functions; as Ca^2+^ buffers, they remove Ca^2+^ from sites where it inhibits CRAC channels, and through Ca^2+^ export, they redistribute it to distant sites where it does not inhibit I~CRAC~. To explain why transitions are uncommon in normal cells, we would speculate that the redistribution of Ca^2+^ by mitochondria helps to prevent transitions. As discussed above, further study will be required to test this hypothesis.

Possible Physiological Roles of Mitochondria during T Cell Activation
---------------------------------------------------------------------

The properties described here for the mitochondrial Ca^2+^ store are consistent with a role of mitochondria in Ca^2+^ signaling during T cell activation by antigen. Stimulation of the T cell receptor by antigen or polyclonal mitogens is known to elevate \[Ca^2+^\]~i~ to levels of 0.5 to \>1 μM in human T cells and Jurkat cells, largely by triggering Ca^2+^ influx through CRAC channels ([@B34]). The \[Ca^2+^\]~i~ rise can take a variety of forms, including sustained Ca^2+^ plateaus, periodic oscillations, and irregular Ca^2+^ transients ([@B33]; [@B13],*b*; [@B40]). The modest threshold and rapid kinetics of Ca^2+^ uptake by mitochondria in T cells, as well as their ability to sense Ca^2+^ in the vicinity of CRAC channels, should enable them to respond to and modulate these Ca^2+^ signals. Ca^2+^-dependent activation of the T cell transcription factor NFAT is rapidly reversible, and this characteristic is believed to underlie the requirement for sustained \[Ca^2+^\]~i~ elevation during T cell activation ([@B53]; [@B58]). Mitochondria may therefore help to enhance NFAT-dependent transcription and T cell activation by prolonging Ca^2+^ plateaus, or by slowly releasing sequestered Ca^2+^ to lengthen Ca^2+^ transients.

One of the most commonly ascribed functions of mitochondria is to buffer pathophysiological rises of \[Ca^2+^\]~i~. Such a role may be an especially important safeguard in T cells considering the prolonged period of \[Ca^2+^\]~i~ elevation needed to commit cells to the activation pathway. In addition, increases in \[Ca^2+^\]~m~ are known to activate several dehydrogenases that supply substrates to the Kreb\'s cycle, an action that has been interpreted as a means of upregulating ATP generation in response to increased metabolic demand in the heart and liver ([@B22]; [@B25]). In an analogous fashion, Ca^2+^ influx through CRAC channels may signal mitochondria to prepare quiescent T cells for the increased metabolic commitments associated with entry into the cell cycle and cell proliferation. Thus, mitochondria may fill multiple roles in the T cell, acting within a feedback loop to sense and regulate Ca^2+^ entry via store-operated Ca^2+^ channels, while preparing the cell for the increased demands of cell activation.
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:   2′,7′-bis(2-carboxylethyl)- 5(6)-carboxyfluorescein
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:   Ca^2+^ release-activated Ca^2+^

FCCP
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Rhod-2/AM labels mitochondria and reports changes in intramitochondrial \[Ca^2+^\]. (*A*) Confocal micrographs of Jurkat cells after incubation with rhod-2/AM (*left*) or MitoTracker™ Green FM, a mitochondrial marker (*center*). Rhod-2 labeling of mitochondria (*arrowhead*) is easily distinguished from labeling of the nucleolus (*arrow*). An overlay of the two images demonstrates specific colocalization of the two dyes in the mitochondria (*right*). (*B*) Mitochondrial Ca^2+^ imaging with rhod-2. In these pseudocolored video microscopic images of a single TG-treated cell, rhod-2 fluorescence in the mitochondria increases within 3 min after readdition of 2 mM Ca^2+^ (*top*). 1 μM CCCP prevents the fluorescence increase in another cell (*bottom*). Warmer colors indicate higher rhod-2 fluorescence. (*C*) Quantification of rhod-2 fluorescence in "hot spots" in cells of the experiment shown in *B.* Hot spot fluorescence was measured before and 3 min after readdition of 2 mM Ca^2+^. The fluorescence intensity before readdition was normalized to one. 35 cells (control) and 28 cells (+CCCP) were analyzed. Error bars reflect standard deviations. Bar, 5 μm.
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![Ca^2+^ dependence of uptake by the TG-insensitive Ca^2+^ store. (*A*) Cells were stimulated as in Fig. [1](#F1){ref-type="fig"} *B* to load the TG- insensitive store. The loading period was terminated by removing extracellular Ca^2+^, and 4 μM ionomycin was added subsequently to assay store content. The responses of three single cells from one experiment are superimposed. (*B*) Store content plotted as a function of the average magnitude of the Ca^2+^ plateau for individual cells. Three measures of store content are plotted: the peak \[Ca^2+^\]~i~ (•), the maximum rate of \[Ca^2+^\]~i~ rise (○), and the integral of released Ca^2+^ (corrected for clearance rate, see Materials and Methods; □) in response to ionomycin. Results were obtained from 964 cells in 11 experiments and binned into 100-nM intervals of \[Ca^2+^\]~i~.](JCB.hoth2){#F2}

![The TG-insensitive store senses Ca^2+^ near CRAC channels. Experimental conditions and analysis were identical to Fig. [2](#F2){ref-type="fig"} with the exception that conditions during the plateau phase were varied. (*A* and *B*) 2 mM Ca^2+^ (*dotted trace*, ○) or 20 mM Ca^2+^ with 8 mM Ni^2+^ (*solid trace*) or 5--10 mM Ni^2+^ (•) was added to create plateaus of comparable magnitude. (*C* and *D*) 2 mM Ca^2+^ was applied to parental Jurkat cells (*dotted trace*, ○), and 20 mM Ca^2+^ was applied to CJ-4 cells (*solid trace*, •), a Jurkat mutant with reduced CRAC channel function. (*E* and *F*) 20 mM Ca^2+^ was added (*solid trace*, •) and compared to the response to 2 mM Ca^2+^ (○, data from Fig. [2](#F2){ref-type="fig"} *B*). Graphs show mean values ± SD: parent cells, 2 mM Ca^2+^ (964 cells/11 experiments), 20 mM Ca^2+^ + Ni^2+^ (604/6), 20 mM Ca^2+^ (439/3); CJ-4 cells, 20 mM Ca^2+^ (900/5). Each of the experiments in *A*, *C*, and *E* represents the average response of ∼300 cells.](JCB.hoth3){#F3}

![Abrupt transitions of \[Ca^2+^\]~i~ in single cells. Data were obtained from the experiments shown in Fig. [7](#F7){ref-type="fig"} *A.* (*A*) Superimposition of control responses from eight cells shows rapid transitions from a high Ca^2+^ to a low Ca^2+^ plateau. (*B*) An amplitude histogram from period after Ca^2+^ readdition in the experiment shown in *A* is bimodal, indicating that cells spend most of their time in one of two well-defined states. (*C*) 2 μM antimycin A1 increases the frequency of transitions from the high to low Ca^2+^ states. (*D*) Amplitude histogram from period after Ca^2+^ readdition in the experiment shown in *C.* The high Ca^2+^ peak is somewhat lower than in the control cells, probably due to the slow decline in the high Ca^2+^ plateau illustrated in *C.*](JCB.hoth9){#F9}

![A TG-insensitive Ca^2+^ store in Jurkat T cells. (*A--C*) fura-2--loaded cells were treated with 1 μM TG in Ca^2+^-free Ringer\'s solution to deplete TG-sensitive stores (*open bar*). Ca^2+^ was subsequently readded to elicit capacitative Ca^2+^ entry (*filled bar*). Where indicated, 4 μM ionomycin was applied in Ca^2+^-free Ringer\'s solution to assay the content of intracellular stores. Each trace represents the average response of ∼300 cells. (*A*) Readdition of 0.5 mM Ca^2+^ is not sufficient to load the TG-insensitive store. After exposure to 0.5 mM Ca^2+^, ionomycin releases a small amount of Ca^2+^ (*solid trace*) that is not significantly greater than the amount released before Ca^2+^ readdition (*dotted trace*). (*B*) Readdition of 2 mM Ca^2+^ loads a TG-insensitive store that is releasable by ionomycin. Two experiments are superimposed, showing that the content of the TG-insensitive store and the low Ca^2+^ plateau decline in parallel. (*C*) The TG-insensitive store is loaded during long (1,000 s; *solid trace*) and short (100 s; *dotted trace*) exposure to 2 mM Ca^2+^. In each case, after removal of Ca^2+^ ~o~, \[Ca^2+^\]~i~ returns to baseline with a biphasic time course. The slow recovery phase is lengthened by increasing the loading period.](JCB.hoth1){#F1}

![Antimycin A1 + oligomycin attenuates the Ca^2+^ plateau and inhibits loading of the TG-insensitive store. (*A*) 2 mM Ca^2+^ was readded to TG-treated cells in the presence (*dotted trace*) or absence (*solid trace*) of 2 μM antimycin A1. Antimycin alone inhibits the plateau and store loading, although part of the reduction in loading is due to the reduced plateau. (*B*) Antimycin A1 applied together with 5 μg/ml oligomycin completely inhibits store loading. (*C*) Average response of cells selected for a final \[Ca^2+^\]~i~ plateau \>1 μM from the experiment shown in *B* (15/278 cells). Antimycin A1 and oligomycin together completely abolish store loading even if \[Ca^2+^\]~i~ is high.](JCB.hoth7){#F7}

![Rapid loading of the TG-insensitive store. (*A*) After depletion of the TGsensitive store, 20 mM Ca^2+^ was added twice for 8 s (*solid trace*) or 10 s (*dotted trace*) in two separate experiments. 5 s after the second application of Ca^2+^, 4 μM ionomycin was added to assay the content of the TG-insensitive store. Each trace is the average of 40 cells. (*B*) The initial falling phases of the two 10-s transients from (*A*) are aligned on an expanded timescale. Ionomycin releases stored Ca^2+^ after the second transient (*dotted trace*). (*C*) Data from two cells displaying either a high (*dotted trace*) or a low (*solid trace*) response to ionomycin. For each cell, the initial falling phases of the two transients are aligned as in *B* to enable detection of the Ca^2+^ released by ionomycin. (*D*) Ca^2+^ dependence of store loading in response to brief Ca^2+^ transients. Cells from four experiments were analyzed as described in *C*. The first pulse was subtracted from the second one, and the peak of the resulting "ionomycin release transient" was taken as a measure of store loading. This is plotted as a function of the peak \[Ca^2+^\]~i~ during the second transient before ionomycin. The shaded bar shows the range of ionomycin response (40-- 80 nM) observed in resting cells before store loading.](JCB.hoth4){#F4}

![CCCP attenuates the Ca^2+^ plateau and inhibits loading of the TG-insensitive store. (*A*) 2 mM Ca^2+^ was readded to TGtreated cells in the presence (*dotted trace*) or absence (*solid trace*) of 1 μM CCCP. After termination of the store loading period, ionomycin was added to assay store content. (*B*) Average response of CCCP-treated cells selected for a final \[Ca^2+^\]~i~ plateau \>1 μM from the experiment shown in *A* (43/264 cells). CCCP prevents store loading even if \[Ca^2+^\]~i~ is high. (*C*) 1 μM CCCP was applied at different times during the plateau response in 2 mM Ca^2+^. Each trace represents the average of 250--300 cells.](JCB.hoth6){#F6}

###### 

Effects of Mitochondrial Inhibitors on the Ca^2+^ Plateau and Loading of the TG-insensitive Store

                                  Plateau \[Ca^2+^\]~i~      Store content                            
  ---------------------------- -- ----------------------- -- --------------- -- ------------------ -- -----------
                                  *nM*                       *nM*                                     
  Control (2 mM Ca^2+^ ~o~)       1,003 ± 249 (14)           1,100 (1)          1,412 ± 555 (14)      3,052 (1)
   + CCCP                             399 ± 110 (6)          623 (1)                116 ± 15 (3)      76 (1)
   + Antimycin A1                     395 ± 137 (6)          400 (1)                626 ± 43 (3)      1,033 (1)
   + Antimycin A1/oligomycin      298 (1)                    ND                 60 (1)                ND
   − Na                               334 ± 64 (5)           279 (1)            1,731 ± 699 (2)       1,929 (1)

Plateau \[Ca^2+^\]~i~ was measured 1,000 s after readdition of Ca^2+^ to TG-treated cells. The store content of the TG-insensitive store is expressed as the peak \[Ca^2+^\]~i~ after addition of ionomycin (see Fig. [2](#F2){ref-type="fig"}). All values are given as a mean ± SD (number of experiments), and 250--300 cells were analyzed for each experiment.  

![Na^+^ depletion attenuates the Ca^2+^ plateau but enhances loading of the TG-insensitive store. (*A*) In the continuous absence of Na^+^, 2 mM Ca^2+^ was readded to TG-treated cells. The plateau was attenuated by Na^+^ removal, yet ionomycin released a large amount of Ca^2+^ from the store. (*B*) Comparison of the average responses of cells in the presence (*dotted trace*; 17/191 cells) or absence (*solid trace*; 131/313 cells) of Na^+^, in which the mean \[Ca^2+^\]~i~ was selected to be \<500 nM during the last half of the Ca^2+^ readdition period. Despite similar \[Ca^2+^\]~i~ profiles during the loading period, cells bathed in Na^+^-free solution retain significantly more Ca^2+^ in the TG-insensitive store. (*C*) 2 mM Ca^2+^ was readded to TG-treated cells in Na^+^-free Ringer\'s solution as depicted in *A.* Subsequent addition of Na^+^ in Ca^2+^-free Ringer\'s released Ca^2+^ from the TG-insensitive store.](JCB.hoth8){#F8}

![A hypothesis for mitochondrial modulation of capacitative Ca^2+^ entry. (*A*) When Ca^2+^ uptake by mitochondria is blocked, Ca^2+^ accumulates near CRAC channels and inhibits them (*bold dashed line*). A steady-state \[Ca^2+^\]~i~ near the channels is reached as a result of this negative feedback. (*B*) Sequestration of Ca^2+^ by mitochondria in the absence of export reduces the local \[Ca^2+^\]~i~, thereby partially relieving inactivation of I~CRAC~ (*thin dashed line*). At steady state, I~CRAC~ is larger than in *A*, but much of the Ca^2+^ from this increased influx is sequestered and hence is not available to enhance global \[Ca^2+^\]~i~. (*C*) In the presence of normal mitochondrial uptake and release of Ca^2+^, mitochondria redistribute the Ca^2+^ derived from enhanced I~CRAC~ to distant sites where it can elevate global \[Ca^2+^\]~i~.](JCB.hoth10){#F10}
